Abstract. Lung cancer is a major cause of cancer-associated mortality worldwide due to its limited response rate to current chemotherapy and radiation, thus immunotherapy is rapidly becoming the most promising approach. Although the highly specific tumor-associated antigen of lung cancer has been found, autologous whole-cell tumor vaccines remain indispensable in the development of therapeutic cancer vaccines. Interleukin (IL)-15 is a T helper type 1 cytokine that has been demonstrated to have a marked antitumor immune response and the potential ability to reverse the host tolerance of tumor antigens in certain preclinical trials. In the present study, a cationic liposome encapsulating IL-15 gene-loaded plasmid acted as an adjuvant of an autologous whole-cell tumor vaccine by subcutaneous injection. The combination immunotherapy resulted in significant inhibition of tumor growth without side effects in the preventive tumor inhibition and adoptive therapy study. Cytotoxic lymphocyte assay detection of the serum antigen and cytokines using an enzyme-linked immunosorbent assay suggested that the IL-15 gene can significantly improve the cellular immune response and humoral immune response provoked by autologous whole-cell tumor vaccines. These results demonstrated that the IL-15 gene was an effective adjuvant of autologous whole-cell tumor vaccines against mouse lung cancer and may provide an attractive vaccine strategy for cancer immunotherapy.
Introduction
Biotherapy is a relatively new approach against cancer compared with conventional surgery, radiation therapy or chemotherapy. Therapeutic cancer vaccines are one of the most important approaches in cancer biotherapy, which aims to induce the immune response of the host to antigens that are selectively expressed by the tumor (1) . The optimal cancer vaccine induces an effective antitumor response as well as avoiding unintended tissue damage; therefore, immunogenicity, tumor-specific antigens and suitable delivery systems are all necessary. Current vaccine strategies tend to screen out effective antigens against specified tumors as well as avoid unspecific autoimmunity (2), however, several types of cancer, including lung cancer, lack highly specific biomarkers. Therefore, owing to the complete antigen-spectrum of tumor cells, autologous whole-cell tumor vaccines remain indispensable in the development of therapeutic cancer vaccines (3) .
Previous studies have suggested that autologous whole-cell tumor vaccines failed to provoke strong antitumor responses expected in large animal models and humans due to the poor immunogenicity of autologous whole-cell tumor vaccines in vivo (4) . In order to overcome this, several approaches have been investigated, including genetic engineering, adjuvant exploitation and prime-boost vaccination (5) .
Interleukin (IL)-15 has long been considered as one of the most promising cytokines to enhance antitumor activity in several models, as it is important in the innate and adaptive immune system. Since 1994, IL-15 has been understood to have a similar ability to IL-2 in increasing CD8 + T-cell expansion and the antitumor activity of tumor-specific T cells, as it shares the same receptor β and γ chains as IL-2 (6). However, certain studies have demonstrated that IL-15 has another unique chain that is responsible for the promotion of survival and maintenance of memory T cells (7) (8) (9) . In addition, the development, homeostasis, function and survival of natural killer (NK) cells are closely associated with IL-15 (10, 11) . These differences in characteristics from IL-12 may lead to IL-15 offering more promise in cancer immunotherapy. A previous study demonstrated that an IL-15 gene-modified autologous whole-cell tumor vaccine improved its antitumor efficacy against melanoma (12) . This result provided further evidence towards the potential for IL-15 to enhance the immunogenicity of autologous whole-cell tumor vaccines.
A suitable delivery system is another important aspect of vaccine design. Cationic liposomes remain at the forefront of vaccine design, not only owing to their well-documented abilities to act as delivery vehicles, but also due to their immunostimulatory ability as an adjuvant (13) . In addition, previous studies indicated that IL-15 may be used as an immunological co-adjuvant for cationic liposomal antigens in vivo (14) . Based on these findings, rather than modifying an autologous whole-cell tumor vaccine with the IL-15 gene using transgenic technology, the present study used a cationic liposome as a carrier of the IL-15 gene-loaded plasmids owing to the possibility of a co-adjuvant action.
Based on these earlier findings, the present study aimed to investigate the efficacy of cationic liposomal IL-15 DNA as an adjuvant for an autologous whole-cell tumor vaccine and evaluated whether the IL-15 DNA-combined autologous whole-cell tumor vaccine enhances the immunogenic response and antitumor efficacy against lung cancer in mice.
Materials and methods
Cell culture. Lewis lung carcinoma (LL2) cells (purchased from the American Type Culture Collection, Manassas, VA, USA), a cell line passaged routinely in C57BL/6 mice, were cultivated in Dulbecco's modified Eagle's medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco-BRL) and 1% penicillin-streptomycin (Gibco-BRL) at 37˚C in a humidified incubator with 5% CO 2 .
Animal care. C57 male mice aged ~4-6 weeks were purchased from Sichuan University Animal Centre (Sichuan, China) and housed in cages with free access to food and water 1 week prior to experiments. All animal experiments were performed with approval from the Sichuan University Animal Care and Use Committee.
Autologous whole-cell tumor vaccine and cationic liposomal IL-15 plasmid preparation. LL2 cells in the logarithmic growth phase were collected and fixed using 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). Following being completely fixed, all paraformaldehyde was removed by washing with normal saline (NS; Chengdu Qingshan Li Kang Pharmaceutical Co., Ltd., Sichuan, China) and the whole-cell tumor vaccines were stored at -20˚C.
The IL-15-plasmid open reading frame (pORF) and IL-15-free pORF plasmids were purchased from InvivoGen (San Diego, CA, USA) and amplified using Escherichia coli in vitro. Plasmids were purified using an Endofree Plasmid Giga kit (Qiagen, Valencia, CA, USA) following verification by restriction enzyme digestion (HindIII and NheI; Takara, Dalian, China) and DNA agarose gel electrophoresis. Fresh positive ion lipoplexes were mixed with plasmids within 30 min prior to immunization to ensure no deposition was present within the mixture.
Immunization. Animals were randomly divided into six groups: Combination group (autologous whole-cell tumor vaccine + IL-15-pORF plasmid), tumor vaccine (TV) group (autologous whole-cell tumor vaccine), IL-15-pORF group (cationic IL-15-pORF plasmid), pORF group (cationic IL-15-free pORF plasmid), liposome group (positive ion lipoplexes) and NS (normal saline) group. In the combination group, the cationic IL-15-pORF plasmid (25 µg/mouse) was injected at the point of the autologous whole-cell tumor vaccination (10 6 cells) via a subcutaneous multipoint injection. The other groups were immunized subcutaneously with equal doses of autologous whole-cell tumor vaccine or cationic IL-15-pORF plasmid. Immunizations were administered a total of four times (day 1, 14, 21 and 28).
Serum was obtained from the tail veins of all animals for the detection of antibodies and cytokines at set time points [pre-immune, D0 (the day of tumor inoculation) and D25 (25 days after tumor inoculation)].
Preventive tumor inhibition study. All animals were subcutaneously injected with 2x10 5 LL2 cells to establish the lung cancer models 7 days after the fourth immunization. Tumor volumes were measured twice a week using calipers and calculated using the following formula: (length x width 2 ) / 2. The tumor inhibition rate was calculated using the following formula: [(Average tumor volume of NS group -average tumor volume of experimental group) / average tumor volume of NS group] x 100%. Animal body weights were also measured twice weekly in order to detect any experimental abnormalities. Three tumor-bearing mice in each group were sacrificed by decapitation following being anesthetized with chloral hydrate to perform a cytotoxicity assay and obtain tumor tissues, whilst five mice in each group were kept for determining the survival rate.
Adoptive therapy study. For passive immunotherapy, splenic lymphocytes were obtained by density gradient centrifugation at 800 g for 30 min using iodixanol solution and nylon wool (Dakewe Biotech Co., Ltd., Shenzhen, China). The LL2 lung cancer models were established, as described previously. Mice were injected with adoptive spleen cells (10 6 -10 7 /mouse) twice a week into the tail vein for 3 weeks. Animals were sacrificed 3 weeks after challenge by tumor cells and the tumor weight was measured.
Cytotoxic lymphocyte (CTL) assay in vitro.
A lactate dehydrogenase (LDH)-release assay (15, 16) was performed to measure the antigen-specific cytotoxicity of splenic lymphocytes in vitro using a Non-radioactive Cytotoxicity assay kit (Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions. Briefly, the LL2 cells were seeded in a 96-well plate as target cells. Subsequently, the splenocytes obtained from the immunized or the control mice, as previously described, were added to the plate at different ratios of effector/target (E:T) cells, followed by additional incubation in a humidified chamber at 37˚C and 5% CO 2 for 4-6 h. Lysis solution and assay buffer was added at set time points. The absorbance was recorded at 490 nm within 1 h after the addition of 50 µl/ well of stop solution. The cytotoxicity was calculated using the following formula: %Cytotoxicity = (experimental -effector spontaneous -target spontaneous) / (target maximum -target spontaneous) x 100.
Measurement of antibodies and cytokines.
A cell enzyme-linked immunosorbent assay (ELISA) (17) was performed to measure the number of antibodies against the whole-tumor cell vaccine. LL2 cells were seeded at a density of 1x10 4 /well into a 96-well plate. Following incubation overnight, the cells were fixed using 4% polysaccharide for 15 min. The fixed tumor cells were incubated with serum from the different groups at several dilutions (for the antibodies, the dilutions were 1:500, 1:1,000, 1:2,000, 1:4,000, 1:8,000, 1:16,000, 1:32,000, 1:64,000 and for the cytokines, the dilution was 1:5) for 2 h after blocking unspecific antigens with 1% bovine serum albumin for 1 h. Horseradish peroxidase-labeled goat polyclonal anti-mouse immunoglobulin G and 3,3' ,5,5'-tetramethylbenzidine (Neobioscience, Shenzhen, China) were used for coloration. The result was measured using a microplate reader (3550-UV; Bio-Rad, Hercules, CA, USA) at 450 nm.
The levels of IL-4 and interferon-γ (IFN-γ) in the serum from the subcutaneous tumor inhibition study were determined using specific ELISA kits (Neobioscience, Shenzhen, China) according to the manufacturer's instructions.
Histopathology. The heart, liver, spleen, lungs and kidneys from the mice were fixed in 4% neutral-buffered formalin solution and embedded in paraffin for observation of any potential side effects in the treated mice. Paraffin sections (3-5 mm) of the embedded tumor tissues from each group were stained using hematoxylin and eosin (Sigma-Aldrich).
Immunohistochemical analysis of the tumor sections was performed to investigate the CD4 + T cells, CD8 + T cells, B cells and NK cells in the tumor tissues from the immunized and control mice with CD4, CD8, CD24 and CD57 antibodies, respectively.
Statistical analysis. Data are expressed as the mean ± standard deviation. Analysis of variance and an unpaired Student's t-test were performed for comparison of the individual time points. Survival analysis was computed using the Kaplan-Meier method and compared by the log-rank test. P<0.05 was considered to indicate a statistically significant difference.
Results

IL-15 gene enhances the efficacy of the autologous whole-tumor cell vaccine against LL2 lung cancer in vivo.
In order to determine whether the IL-15 gene can improve the effects of an autologous whole-cell tumor vaccine against murine lung cancer in vivo, the effect of the prophylactic combined treatment of the cell vaccine and the IL-15 gene on pulmonary tumorigenesis was evaluated in a subcutaneous LL2 lung cancer model. Combined immunization demonstrated a significant inhibition of tumor growth and the maximum tumor inhibition rate of the combined immunized mice reached 92.9% 15 days after tumor incubation, which was higher than the TV group (70.3%) and the IL-15-pORF group (58.9%; Fig. 1A) . Furthermore, the combination group demonstrated apparent advantages in prolonging the median survival time compared with the other groups (Fig. 1B) . In addition, no significant abnormal change was identified in the weight of the mice, suggesting no overt systemic toxicity (data not shown).
Combined immunization induces robust humoral responses.
ELISA was performed to assess the humoral response in mice. The combination group and the TV group elicited vigorous production of antibodies following vaccination compared with the other groups and the antibodies persisted at a high level for 25 days after tumor challenge, as shown in Fig. 2A . Notably, the combination group demonstrated a significantly slower reduction and higher titer of antibodies compared with the TV group ( Fig. 2B and C) . This result indicated that the IL-15 gene succeeded in enhancing the humoral response to the autologous tumor cell vaccine in vivo.
Combined immunization induces more marked cellular responses. In order to evaluate the cellular responses, splenic lymphocytes from the groups were harvested 25 days after tumor inoculation. The antigen-specific cytotoxicity of the CD8 + T cells was assessed using an LDH-release assay in vitro, as described previously. The results demonstrated that potent cellular responses were induced in the combination group, reaching a peak cytotoxicity (E:T ratio=1:100) at 58.17%. The TV group and IL-15-pORF group demonstrated similar cytotoxicities of 33.51 and 31.47%, respectively, while the control groups demonstrated low cytotoxicity at all E:T ratios (Fig. 3) . 
Combined immunization induces a higher IFN-γ response.
To further examine the type of immune response, the secretion of cytokines in the serum was estimated using ELISA. Significantly higher levels of IFN-γ were detected in the mice immunized with the combined vaccine compared with the other groups (Fig. 4A) . The IL-15-pORF group also demonstrated a considerable elevation in IFN-γ, which was higher than in the TV group but less than in the combination group. In addition, there was a mild increase in the secretion of IL-4 in the combination group, TV group and IL-15-pORF group following immunization, however, this was not significantly different between the three groups (Fig. 4B) . The three control groups, including the pORF, liposome and NS group, demonstrated no change in cytokine production. (Fig. 5) . Taken together, the sections from the combination group demonstrated the highest density of all types of cells mentioned and the number of immune cells observed in the control groups was low.
Adoptive therapy with lymphocytes from combined immunized mice induces significant inhibition of tumor growth in vivo.
Subcutaneous LL2 lung cancer models were established to evaluate whether the combination of the IL-15 gene with an autologous whole-tumor cell vaccine enhances antitumor efficacy with adoptive lymphocytes in vivo. As shown in Fig. 6 , the maximum tumor inhibition rate of the combined group reached 94.7% 9 days after tumor incubation, which was markedly higher than that observed in the IL-15-pORF group (78.9%) or the TV group (42.1%). This result suggested that the adoptive therapy of lymphocytes from the combined immunized mice induced more marked inhibition of the established tumor growth in vivo.
Discussion
Autologous whole-cell tumor vaccines and IL-15 have been used extensively in the treatment of various types of tumor in pre-clinical studies. Based on previous studies, the present study hypothesized that these two agents could co-stimulate the host immune response against cancer. In the present study, the IL-15 gene was used more widely than the IL-15 protein, as the IL-15 gene can persistently induce the protein expression of IL-15 in vivo. It can also be directly co-administered with an autologous whole-cell tumor vaccine for preventive anti-tumor investigation. The present study demonstrated that combined vaccination improved the inhibitory efficacy against subcutaneous lung cancer models and prolonged the median survival time of the tumor-bearing mice.
The mechanisms underlying the robust antitumor efficacy of the combined immunization appears to be complex. Using ELISA, the present study observed that combined immunized mice produced markedly more IFN-γ than those immunized with the tumor cell vaccine or the IL-15 gene alone, however, no significant difference in IL-4 generation was observed between the three experimental groups. This result suggested that the liposomal packaging IL-15 gene combined with a whole-tumor cell vaccine induced a predominantly cellular immune response, as IFN-γ is mainly associated with Th1 and CD8 + T cells (18) . Previous studies have reported that IL-15 demonstrates potent antitumor potential, not only by eliciting the priming and proliferation of CD8 + T cells, but also by improving the maintenance of memory CD8 + T cells (18) . In addition, it has been reported that IL-15 was able to reverse the host tolerance of tumor antigens (18) , which is commonly observed in patients treated with a tumor vaccine, by increasing the sensitivity of CD8 + T cells to tumor antigens. This evidences suggests that CD8 + T cells may be important in the antitumor efficacy of IL-15. Since autologous whole-cell tumor vaccines exhibit a considerable efficacy against various types of tumor, mainly through the activation of T cells observed in previous studies, it has been hypothesized that IL-15 may principally coordinate with the whole-tumor cell vaccine through enhancing the function of CD8 + T cells. Evidence from a previous study on murine melanoma supported this hypothesis (18) . In the present study, data from the CTL assay in vitro revealed that the combined immunization induced substantially higher activity against LL2 cancer than the other groups in splenic lymphocytes 25 days after tumor inoculation. Since CD8 + T cells are principally involved in CTL activity and, as the subset of memory CTLs generated in response to a vaccination may determine the ultimate effectiveness of the vaccine in eliciting immune protection against cancer, the present study confirmed that combined immunization primarily improved antitumor efficacy by promoting the function of CD8 + T cells. While the major role of CD8 + T cells in the antitumor activity of IL-15 and autologous whole-cell tumor vaccines has been established, the antitumor effect of CD4 + T cells cannot be excluded. In the present study, IL-15 was also found to regulate CD4 + T cells, which were activated by CD3 + /CD28 + and increase the production of IFN-γ, TNF-α and IL-10 (19). Despite a previous report suggesting that IL-15 promotes the apoptosis of CD4 + T cells activated by CD3 + /CD28 + in vitro (19) , autologous whole-cell tumor vaccines may compensate for this disadvantage of IL-15 by inducing a marked proliferation of CD4 + T cells (19) . Therefore, it was hypothesized that, although the efficacy of combined vaccination was mainly attributed to CD8 + T cells, CD4 + T cells were also involved. This was confirmed in the present study, which observed a larger number of CD4 + T cells in tumor sections from prophylactic immunized mice through immunohistochemical analysis. However, more evidence is required to further elucidate the function of the CD4 + T cells affected by combined immunization.
An adoptive therapy study was also performed in the present study to confirm the role of the cellular response against the tumor in the combined vaccination in vivo. The results suggested that splenic lymphocytes from the combined immunized mice induced significant inhibition of established tumor growth when compared with the other groups.
Although no significant difference was identified in the generation of IL-4 between the three experimental groups, the ELISA result exhibited a notably higher humoral response in the combined immunized mice. Previous studies have reported that IL-15 is markedly correlated with NK cell proliferation, differentiation and maturation (10, 11) . NK cells are considered as one of the most indispensable aspects of host antitumor activity owing to the marked upregulation of antibody-dependent cell-mediated cytotoxicity (ADCC) when IL-15 was used in tumor-bearing animals as an antineoplastic drug alone. In addition, whole-tumor cell vaccine and IL-15 can induce B cell proliferation and induce the production of antibodies (20) . Therefore, another possible explanation for the antitumor efficacy enhancement of combined immunization is that the increasing number of tumor-specific antibodies and functional NK cells may co-act on the upregulation of ADCC. Immunohistochemical analysis of tumor sections in the present study confirmed that CD24 + B cells and CD57 + NK cells were substantially concentrated in the combined immunized tumor tissues. 
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In the present study, preventive vaccination with the liposomal IL-15 gene alone was invaluable in improving the median survival time of tumor-bearing mice, while the average tumor volume and immune reaction suggested a significant antitumor activity in vivo. A possible explanation for this is that IL-15 has an additional potential for the promotion of angiogenesis, as vascular endothelial cells express soluble receptor-α, which has high affinity to IL-15 (21) . Thus, an increasing rate of lung metastasis may be observed in IL-15-treated subcutaneous lung cancer models due to the growing number of tumor angiogenic blood vessels. This hypothesis may also explain the previous evidence of a correlation between poor outcome and a high concentration of IL-15 in lung cancer patients (22) . However, it has been hypothesized that tumor angiogenic blood vessels may assist antitumor immune cells, including CTLs, in reaching the target cells, which may be the reason for certain studies demonstrating the potential for improving the outcome of tumor-bearing animals using IL-15 as the only therapeutic agent. Further investigation is required to confirm the correlation between angiogenesis caused by IL-15 and the final outcome in lung cancer models.
Through use of an LL2 subcutaneous tumor model, the present study demonstrated that the cationic liposome-carrying IL-15 gene combined with an autologous whole-cell tumor vaccine may stimulate the host innate and adaptive immune system to develop robust antitumor immunity. This antitumor immunity protected the mice from challenge with a parental tumor. Furthermore, the adoptive transferring lymphocytes in the combined immunized mice inhibited the growth of the pre-challenged tumor. In addition, the development of tumor immunity in response to combined vaccination was principally dependent upon the function of CD8 + T cells and the activation of ADCC.
